In an attempt to investigate the acoustic resonance effect of serpentine passages on internal convection heat transfer, the present work examines a typical high pressure turbine (HPT) blade internal cooling system, based on the geometry of the NASA E 3 engine. In order to identify the associated dominant acoustic characteristics, a numerical finiteelement method (FEM) simulation (two-step frequency domain analysis) is conducted to solve the Helmholtz equation with and without source terms. Mode shapes of the relevant identified eigenfrequencies (in the 0-20 kHz range) are studied with respect to induced standing sound wave patterns and the local node/antinode distributions. It is observed that despite the complexity of engine geometries, the predominant resonance behavior can be modeled by a same-ended straight duct. Therefore, capturing the physics observed in a generic geometry, the heat transfer ramifications are experimentally investigated in a scaled wind tunnel facility at a representative resonance condition. Focusing on the straight cooling channel's longitudinal eigenmode in the presence of an isolated rib element, the impact of standing sound waves on convective heat transfer and aerodynamic losses are demonstrated by liquid crystal thermometry, local static pressure and sound level measurements. The findings indicate a pronounced heat transfer influence in the rib wake separation region, without a higher pressure drop penalty. This highlights the potential of modulating the aerothermal performance of the system via acoustic resonance mode excitations. 
Introduction and Background
Internal Convection Cooling. Throughout the years, various cooling techniques have been developed to keep the turbine vane and blade metal temperatures below allowable limits. Internal cooling techniques route the compressor air, introduced from the blade root, through intricate serpentine passages inside the airfoil. Extracting heat from the rectilinear internal channel walls, the gas is eventually discharged into the main stream from the film cooling holes, trailing edge (TE) slots and blade tip.
To promote heat exchange, passage walls are commonly lined with repeated geometrical disturbance elements, which yield improved mixing with the free stream and induce high levels of turbulence to the core flow [1] . This approach is effective in raising the heat transfer to considerably higher levels, at the expense of an inevitably enlarged pressure drop penalty [2] . The common types of such protrusions include a sequence of rib-shaped turbulators which induce periodic tripping of the boundary layer, unbounded shear layer formation and consecutive separation, followed by an eventual flow reattachment and wall-bounded shear layer development.
Aerothermal Boundary Layer Control. Historically, bounded and unbounded shear layer control is typically achieved via the deliberate introduction of periodic disturbances, which can be local (synthetic jets, mechanical flaps, plasma actuators) or global (acoustic) in character [3, 4] . As it causes minimal obtrusion to the mainstream, in addition to ease of implementation to various geometries/applications, the acoustically excited flow control has significant potential [5] . However, forced convection heat transfer literature focusing on traveling sound wave excitation yields conflicting results. Some studies reported notable augmentation of separated laminar and turbulent flow heat transfer [6] [7] [8] . In contrast, other studies indicated detrimental heat transfer influence of sound forcing, or no effect at all [9, 10] .
As traveling waves interact with boundaries, constructive interference of the incident and reflected waves can give rise to a spatially stationary and temporally oscillating static pressure field (standing wave). For forced convection heat transfer with attached turbulent flow in straight duct geometries, standing wave effects were demonstrated for longitudinal resonances, highlighting the importance of Reynolds number and pressure nodes/antinodes [11] [12] [13] [14] [15] . Globally, the heat transfer was found to be unaffected by resonances at low Re, whereas high Re lead to a global heat transfer reduction [15] . Contradictory findings by other investigators indicated an overall increase in heat transfer, where the exerted influence of the longitudinal resonance conditions depended on the boundary layer state, inducing augmentations as large as 50% and 20% in laminar and turbulent flow, respectively [16, 17] .
For more complex separating and reattaching shear layers in airfoil flow, pronounced aerodynamic responsiveness to acoustic excitation was observed at selective frequencies [5, 18, 19] . Attributed to distinct wind tunnel resonance modes of longitudinal and transverse orientation, beneficial influence was reported to be dependent on the location of standing wave acoustic pressure nodes/antinodes [19] .
Excitation Sources in High Pressure (HP) Turbine
Blades. In turbomachinery applications, rotor-stator interaction of high-speed turbines represents one of the most prominent mechanisms of unsteady aerodynamic forcing. Associated frequency spectra feature characteristic peaks, which indicate the blade passing event and its higher harmonic multiples (overtones). Strong periodic excitation is produced in frequency ranges from few kHz up to around 25 kHz [20, 21] . Although there have been numerous investigations of different subject areas, the focus to date is mainly on the outer flow field, noise generation and mechanical loads. Predominantly assuming quasi-steady conditions, only a few studies deal with the effects of such unsteadiness on blade's internal thermal management. To the best of our knowledge, only one recent research effort investigated the subject area, focusing on acoustic characteristics of traveling pressure waves in film holes [22] . Periodic wake passing and unsteadiness effects on coolant mass flow fluctuations highlighted the importance of matching hole geometry to external source frequencies.
Motivation. In light of the possibility for aerothermal boundary layer modification by means of controlled sound forcing, the present work is geared toward expanding the fundamental findings toward practical turbomachinery applications. Considering the closely confined internal air flow inside the highly branched turbine blade cooling system, the acoustically coupled resonance behavior of interconnected passages and cavities is expected to exert a strong influence on the internal convection heat transfer. This engineering problem has received very limited previous attention in the research community. Toward establishing a basis for future investigations, the acoustic resonance behavior of a typical HP turbine blade is analyzed numerically, and the aerothermal impact of standing sound waves on rib-roughened heat transfer is experimentally demonstrated for a representative isolated obstacle.
Numerical Methodology
HP Turbine Blade Geometry. The current HPT airfoil and internal cooling channel geometry is modeled upon the stage 1 rotor blade design of the NASA/GE Energy Efficient Engine (E 3 ) [23] . The blade cooling system is divided into two separate circuits for the leading and TEs. Cooling of the forward airfoil portion is provided by a three-pass convection serpentine, with turbulence promoters on two opposite walls, feeding into a cast impingement scheme. Film cooling is provided by three rows of radial holes at the leading edge (LE), as well as single rows of angled coolant ejection holes at pressure side (PS) and suction side (SS) surfaces.
The aft circuit consists of a three-pass forward flowing serpentine in the blade midchord region and exhausts via a single row of PS midchord film cooling holes. The impingement/pin-fin scheme at the TE is supplied from the first serpentine pass, where air is guided through multiple rows of axial and crossover holes and exits from the PS film cooling slot configuration. The LE impingement cavity, serpentine ends, and U-bends supply cooling of the tip-gap and squealer-tip by round bleed holes.
Numerical HPT Blade Domain. The adapted 3D computer aided design (CAD) geometry employed for the numerical simulation incorporates all acoustic resonance-relevant details of the original E 3 HPT blade cooling system. The airfoil aspect ratio is chosen to be unity, with span and chord length of 40 mm. Since the original E 3 design features a varying number of film holes (15) (16) (17) (18) (19) (20) (21) (22) for each row at different parts of the blade, the present model uses a representative 19 ejection holes per row, which are uniformly distributed in the spanwise direction. Thereby, geometrical details irrelevant to the current investigation are omitted while physical similarity is retained by including pressure boundary conditions between blade internal and external flow domains. Hole angles and diameters with respect to the airfoil surface are adopted from the original design. Varying for different designs, blade root dovetail cavities are represented by a generalized cylindrical shape. Rib turbulators, pin-fins, and roughness elements are not included in the employed 3D FEM geometry; considering the low passage blockage ratios around H/D $ 2-8% [2, 24, 25] , limited contribution to resonance response is expected. Further detailed specifications associated with the modeled cooling circuit are given in Table 1 .
This reproduces a realistic acoustic resonance behavior of the engine component, incorporating every air cavity of the blade geometry: root inlet, serpentine passages, U-bents, tethered low aspect ratio channels at the TE, LE showerhead, and TE holes, five discharge holes over the blade tip, along with a spanwise row of film cooling holes at the PS, Fig. 1 .
Numerical Simulation Scheme. In order to accurately predict the complex modal characteristics and natural frequencies of the geometry, a numerical simulation is carried out by COMSOL Multiphysics using the Acoustic module. Considering the low mean flow Mach number, the sound-structural and the aeroacoustic couplings are neglected.
An unstructured mesh of 985,700 second-order Lagrange tetrahedral elements (3.1 Â 10 6 degrees-of-freedom (DOF)) is used to solve the sound pressure field in the Helmholtz equation. This describes sound propagation in a gaseous medium at timeharmonic pressure fluctuations. The formulation of the problem (absent of source terms) can be written as
where x ¼ 2pf is the angular frequency, q is the fluid density, and c is the speed of sound. Sound wave attenuation due to viscous dissipation and thermal effects (bulk fluid viscosity/-thermal conduction and acoustic boundary layer absorption) are not modeled. For appropriate resolution of the sound waves, the mesh element size (max 0.1 mm) is set to be less than 1/6th of the minimum wavelength of interest. Providing engine representative . Further mesh refinement does not indicate any significant changes.
The simulation is conducted by using rigid wall (sound hard) boundary conditions at the structural confinements
The first part of the numerical investigation solves the equation in the frequency domain (0-20 kHz) with plane wave radiation boundary conditions applied for all inlet and outlet of the geometry (root inlet, film holes, TE bleed holes, and tip cap holes). The radiation boundary condition is useful when the surroundings are merely a continuation of the domain, which is the case in this model. At the inlet of the front and aft serpentine passages (root section), a combination of incoming and outgoing plane waves are involved. The term on the right-hand side represents an incoming pressure wave entering the boundary with an amplitude of p 0 (in this case p 0 ¼ 1 Pa)
At the outlet boundaries (film holes, TE bleed holes and tip cap holes), an outgoing plane wave boundary condition is applied
A two-step frequency domain analysis approach is utilized. Initially, the integral transmission loss (TL) is studied for a unit excitation incident pressure wave (1 Pa) at each dovetail cavity
With the quantified incident and transmitted sound power, the integral attenuation of the pressure waves through the geometry can be characterized. This facilitates to identify prominent natural frequencies germane to different parts of the cooling system. Second, absent of the source terms, a dedicated eigenfrequency analysis is carried out to solve the eigenvalue problem of Eq. (1), k ¼ i2pf ¼ ix [25] . Visualization of associated eigenmodes enables detecting the locations which host the resonance effect, and distinguish frequencies that entail localized or broader influence.
Experimental Methodology
Experimental Facility. Geometrically scaled by a factor of $50, the experimental wind tunnel facility is an abstraction of a rib-roughened turbine blade cooling channel. The straight duct test section and the upstream bellmouth inlet, Fig. 2 , are to mimic the acoustically coupled resonance behavior of an internal coolant passage and root cavity in a representative frequency range.
The test stand is operated by a centrifugal blower running in aspiration mode. Equipped with two layers of fine mesh structures, pressure fluctuation propagating from the driving unit is prevented by a settling chamber. The duct which forms the test and exhaust sections has a 20 Â 20 cm cross section at a length of 3.3 m. The test section includes 1.5 m long Plexiglas walls that are supported by an aluminum frame; while one side serves as the investigation surface, optical access is enabled from the top and other side walls. Upstream, the air is sucked in through a bellmouth inlet of contraction area ratio 25:1. The honeycomb and metal screen structures minimize inlet swirl and diminish spatial nonuniformities. The facility schematic is presented in Fig. 2 .
Bulk velocity is measured via Paragon duct mounted airflow measurement station, along with T-type thermocouples exposed to freestream air at the test section inlet and outlet. The static pressure distribution over the test channel is acquired by pressure taps located along the wall.
A Mackie DLM-8 loudspeaker is employed as the active excitation source, located in a sealed casing on the observation side wall. Acoustic boundary conditions are acquired by a highsensitivity pressure field condenser type microphone (type G.R.A.S. 46BD), with the transducer flush mounted to the investigation surface centerline. The signal is amplified by an Endevco Meggitt 133 conditioner, followed by an FFT spectral analysis.
Computational Wind Tunnel Domain. The wind tunnel facility's acoustic resonance behavior is studied numerically with a scheme identical to the blade passage model, Eq. (1). Employing an unstructured mesh of 668,100 elements (971,000DOF), the maximum element size is set to 3.5 mm. The detailed 3D domain encompasses every relevant air cavity component of the test rig: the upstream bellmouth inlet, squared straight test section duct, downstream settling chamber as well as the compressor volute and air outlet duct, Fig. 3 . Boundary conditions are sound hard walls for the structural confinement and plane wave radiation at the inlet and outlet. The acoustic impedance behavior of turbulence meshes, screens, and the honeycomb is modeled according to Ref. [26] . The wind tunnel simulation parameters are 293.15 K and 1 atm at a speed of sound of 343 m/s.
Experimental Measurement Technique
Liquid Crystal Thermometry. Measurement of time-averaged convective heat transfer is conducted by means of steady wideband liquid crystal thermometry. Type R35C20W cholesteric micro-encapsulated thermochromic liquid crystals (TLC) are employed. A spatially uniform constant-heat flux thermal boundary condition is implemented by an Inconel foil which is attached to the vertical test surface. Connected to a DC power supply, it provides heating via the Joule effect. The imposed surface heat flux q is calculated from supplied electric voltage and current q ¼ VÁI. The heat transfer measurement surface consists of an underlying 10 mm plate of hardened glass onto which the 25 lm thick Inconel foil is glued by a double-sided adhesive tape (0.03 mm thickness). To yield optimal performance in terms of color brilliance and contrast, a thin layer of black paint is uniformly applied by an airbrush, which produces a matt, nondazzling surface. On the top, Hallcrest Inc. R35C20 wide-band TLC is deposited in a similar manner.
The test surface TLC response is observed via Nikon D300S digital camera, placed at a 20 deg observation angle from the channel axis. Illumination is provided by OSRAM fluorescent lights, type T8 L 36 W, mounted above the duct principal axis, irradiating at a vertical 1 m distance to the TLC plate, Fig. 2 . A camera-illumination off-axis configuration ensures minimum surface reflections, shadows, and nonuniformity, Fig. 4 .
Heat transfer measurements by TLC thermometry are conducted at a bulk flow temperature of 20 C and an average surface temperature of 45 C, resulting from the R35C20 wide-band TLC central activation temperature. Hence, the solid-to-fluid temperature ratio throughout experiments is around 1.1.
Hue Calibration and Data Reduction. During data acquisition, high-resolution images of the test surface are captured in the red, green, blue (RGB) color space of the camera. To reduce a possible angular dependency due to camera-lighting off-axis arrangement, a background subtraction routine is utilized. RGB values of the inactivated TLC surface are prior sampled and subtracted from every subsequent measurement image. For acquisition of the local temperature, RGB tristimulus color is transformed into the hue, saturation, intensity (HSI) space. The hue-angle Transactions of the ASME enables the unambiguous calculation of numerically averaged local surface temperature from the camera-recorded TLC response. The hue-temperature calibration curve is established by an in situ calibration at natural convection, using four T-type surface thermocouples. Due to the inclined observation path, sampled images are subject to perspective distortions that are corrected by projecting each region of the image separately onto a single plane via independent bicubic transformations. Details of the TLC calibration procedure as well as the process of data acquisition and reduction are given in Refs. [27, 28] . After conversion of acquired hue distributions to surface temperature maps, raw data is subjected to a series of median and Gaussian low pass filters. The local convective heat transfer coefficient is calculated from the imposed Inconel heat flux, the TLCacquired surface temperature and the bulk temperature along the channel axis (average of test section inlet and exit) hðx; yÞ ¼ q=ðTðx; yÞ À T 1 ðxÞÞ
Subsequently, with the channel hydraulic diameter D h , it is nondimensionalized as the Nusselt number Nu D ¼ (hÁD h )/k air . Contrasting Nusselt numbers absent and present of forcing, convective heat transfer modification due to acoustic excitation is quantified by the local enhancement factor EF EF ¼ Nu excited =Nu unexcited (8) Uncertainty Analysis. The measurement uncertainty is estimated according to the single sample method. The overall uncertainty in wall temperature is determined by the uncertainty of thermocouple reading (60.35 K), hue-angle contribution of the fixed broadband image noise (60.25 K), the liquid crystals angular dependency (60.3 K), and deviation from the hue-temperature curve fit formulation (60.2 K). This results in a combined wall temperature uncertainty of (60.55 K). The major contributors to the surface heat flux uncertainty (62.4%) are the back face conduction loss, which yields deviations up to 62%, and the Inconel area uncertainty (61.3%). Along with uncertainty of convective heat transfer coefficient (63.5%), hydraulic diameter measurement (60.56%), and air thermal conductivity (60.15%), the resulting nominal Nusselt number error is estimated as 63.6%. However, reported enhancement factor is a matter of measurement precision, and not necessarily accuracy; thus, the EF uncertainty-in terms of repeatability-is estimated to be of the 61.5% order.
Results and Discussion
Turbine Blade Acoustic Resonances. For a frequency range of 0-16.5 kHz with a 50 Hz computational step, Fig. 5 presents the internal cooling passage acoustic resonance behavior in terms of integral TL in the forward and aft cooling circuits. As sound waves propagate through both cooling passages, the various natural frequencies are seen to be excited over the entire frequency range, where the distinct peaks are associated with a reduced TL behavior at resonance conditions. Additionally, from the eigenfrequency analysis, the identified global resonance can be classified in terms of the induced mode location, as tabulated in Table 2 . Herein, the undamped natural frequencies (f N ¼ x N /2p) are calculated from the conjugate complex pairs
where n denotes the mode-characteristic damping ratio. Moreover, the associated mode shapes are illustrated by the distributions of the normalized total acoustic pressure for the forward serpentine and the LE cavity, as well as the aft serpentine and the TE cavity, in Figs. 6 and 7, respectively. The computed eigenfrequency values closely coincide with the integral TL distribution observed in Fig. 5 . Focusing on the forward circuit resonances, a longitudinal standing sound wave pattern is seen to occupy the serpentine at the 2484 Hz frequency, Fig. 6(a) . There exist two out of phase Fig. 6(g) , the forward serpentine is seen to be occupied by a total of eight pressure antinodes. This behavior is indicative of the standing wave characteristics in resonance tubes, where each higher harmonic of the base mode gives rise to an additional node/antinode. The observations are consistent with the acoustically hard boundary conditions of the modeled structure and the relatively small acoustically open inlet/exit areas.
As an initial approximation, assuming the winding serpentine to act as a single straight tube with closed ends, the identified Figs. 6(h)-6(l) . At the lowest frequency of 10,675 Hz, a longitudinal standing wave is seen to induce two out of phase pressure antinodes at the top and bottom ends. Moreover, a weak coupling with the adjacent third pass of the forward serpentine is apparent, Fig. 6(h ). An additional antinode associated with the next higher overtone is observed in Figs. 6(i) and 6(j), showing out of phase coupling with the main passage at 17,332 Hz and 18,196 Hz, respectively. For 18,475 Hz, a transverse resonance mode is induced between the opposite PS and the SS film cooling holes, Fig. 6(k) . At a higher frequency of 20,410 Hz (Fig. 6(l) ), a coupled behavior is seen between the transverse and longitudinal resonance modes. The third forward serpentine pass and the adjacent LE showerhead cavity are connected through a row of impingement holes. For eigenmodes presented in Figs. 6(a)-6 (c) and 6(g), the fluid in these two cavities resonates in phase such that a consistent pressure antinode occupies both tip-cap ends. On the contrary, in other frequencies (Figs. 6(d)-6(f), adjacent pressure antinodes are observed to oscillate out of phase.
Similarly, natural frequencies and associated resonance mode shapes of the aft serpentine are indicative of a longitudinal standing wave pattern inside a straight duct with closed-closed end walls, Figs. 7(a)-7(l). At the lowest frequency of 2174 Hz ( Fig. 7(a) (Fig. 7(h) ), the eigenmode exhibits a prominent coupling with the TE impingement system, where the serpentine longitudinal mode is accompanied by a TE transverse resonance. Fitting the data into regression, and assuming that 19,491 Hz (Fig. 7(h) ) constitutes the ninth harmonic (with ten pressure antinodes) instead of the eighth overtone, the fundamental frequency is predicted at 2155 Hz with a linearity coefficient of determination R 2 ¼ 0.998. For the TE impingement system, Figs. 7(i)-7(l), mode shapes indicate that standing waves can be induced in different orientations. At 5588 Hz (Fig. 7(i) ), a pressure antinode occupies the last impingement cavity located at the far TE, while the first pass of the aft serpentine hosts a pressure node. Exhibiting only one antinode, the TE geometry mimics the acoustic behavior of a resonating cavity with open and closed ended boundary conditions; therefore, a pressure antinode can only build up at the closed end. This is most likely attributed to the small area cross section of the coolant holes imposing a closed boundary, in contrast to the aft passage, absent of significant blockage, mimicking an open boundary. Although the prior observed harmonic trend is not as clear, 15,815 Hz in Fig. 7(k) Among all investigated eigenfrequencies in Table 2 , the associated damping ratios are generally around unity. However, the first natural frequency identified for the TE system (5588 Hz, Fig. 7(i) ) exhibits a notably lower damping of 0.7428. As this mode is considerably less prone to attenuation, and considering the periodic forcing associated with the blade passing events in the same frequency range, a strong excitation of this resonance is likely.
Reduced Geometric Resonance Models. To substantiate the claim that the serpentine can be approximated as a same-ended straight duct, the acoustic resonance behavior of gradually defeatured configurations is modeled by the solver and the eigenfrequency analysis of the homogeneous problem is exemplified in the vicinity of 6725 Hz. The original geometry, Fig. 8(a) , constitutes two out of phase pressure antinodes at the blade root inlet and the far LE impingement cavity, and two additional antinodes located in the first and second parts of the U-bend. This pattern suggests that this eigenmode represents the third harmonic of the base frequency of a same-ended resonance tube.
As a first step of the problem reduction, the film holes and the LE shower head cavity are omitted from the geometry, while all other boundary conditions are maintained. As depicted in Fig. 8(b) , although the resonance is predicted at a slightly different frequency (6699 Hz), a total acoustic pressure pattern identical to the detailed geometry is observed. Evidently for this mode, the presence of film cooling holes and LE cavity exerts a merely negligible influence on the acoustic behavior of the entire serpentine passage. As an additional step toward simplification, the serpentine geometry is straightened, while the total length in the streamwise direction is maintained, the root section's circular character remains, whereas the serpentine's cross-sectional dimensions are homogenized. The impact of this abstraction on the total acoustic pressure is portrayed in Fig. 8(c) . The associated eigenfrequency shift is relatively small (6518 Hz), and the three pressure nodes still reside in the domain. Finally, reducing the model to a straight closed-ended tube of uniform circular cross section which retains the axial length ( Fig. 8(d) ), it can be seen that the resonance is only slightly altered (6490 Hz) and more importantly the third fundamental harmonic mode shape pattern is fully captured.
Based on the identical total acoustic pressure nodes/antinodes of featured and defeatured geometries, it can be therefore concluded that the geometrically complex serpentine passages can be acoustically well represented in a same-ended straight duct, such as found in the current wind tunnel facility.
Resonance Heat Transfer Investigation
Wind Tunnel Resonance Analysis. Realistic HP turbine resonance conditions in the f n * ¼ 10-20 kHz range are experimentally investigated in a representative wind tunnel facility. According to the geometrical scaling with respect to the typical internal cooling channel dimensions (D/D* $ 50/1), and considering temperature effects on sound propagation (c/c* $ 343/600), the engine-similar resonance modes (Eq. (10) for n ¼ const) are experimentally represented in the f n ¼ 100-200 Hz frequency range 
The relevant acoustic eigenmodes (126 Hz, 167 Hz) are illustrated by distributions of the normalized total acoustic pressure in Figs. 9 and 10. Evidently, for 126 Hz, a characteristic longitudinal standing wave pattern occupies the straight duct section, Fig. 9 . On the other hand, the resonance mode predicted at 167 Hz exhibits a coupled behavior, containing the bellmouth inlet as well as the duct section, Fig. 10 . Hence, introducing a characteristic node/ antinode distribution of sound pressure in the longitudinal direction, both frequencies exert a strong direct influence on the measurement surface.
In order to corroborate numerically predicted resonances of the wind tunnel, unsteady pressure measurements along the channel wall center-plane have been carried out from 30 cm until 135 cm downstream of the inlet mesh. For two different forcing functions (122 Hz and 167 Hz), the sound pressure level (SPL) distributions at the excitation frequency are charted in Fig. 11 . The spatial variation and apparent node/antinode behavior is indicative of characteristic longitudinal standing wave patterns inside the test section. In agreement with associated numerical predictions (Fig. 9) , for the 122 Hz excitation, a pressure node is seen to be induced at around $0.8 m. The corresponding antinodes appear to be located upstream and downstream by about 70 cm. For the 167 Hz excitation and consistent with Fig. 10 , the pressure node shifts upstream. Nevertheless, in both cases, the channel is subjected to the direct influence of the periodic localized pressure/velocity fluctuations.
Resonance Excited Heat Transfer Distributions. Convective heat transfer experiments are conducted for a nominal Reynolds number of Re D ¼ 134,000 and Re H ¼ 10,050, based on the channel hydraulic diameter (20 cm) and rib height (1.5 cm), respectively. The rib aspect ratio (D h /H ¼ 13.3), greater than 10, satisfies the two-dimensionality criterion of reattaching flows, defined for rearward-facing steps in Ref. [29] . Therefore, the flow along the symmetry plane is assumed unaffected by lateral wall influence. The channel is subjected to harmonic acoustic forcing at 120 Hz (with a Strouhal number of St ¼ fÁH/U ¼ 0.17) at 131 dB source SPL. In comparison, for mean flow velocities up to 10 m/s, the background noise absent of forced excitation is measured to be of 80 dB order.
Unexcited Baseline Heat Transfer Distribution. For the unexcited baseline case, heat transfer distributions are portrayed as Nu D in a region confined by 16 rib heights upstream to 32 rib heights downstream of the fence, Fig. 12 . As no heat transfer data is acquired on top and directly upstream of the rib (due to the blocked camera observation path), regions À2.33 < x/H < 0 are blanked out. The local streamwise maximum in heat transfer, x max , is indicated by the thin gray line.
The characteristic features of the rib-roughened flow topology were prior discussed in detail for high blockage ratios (BR ¼ 30%) and similar Reynolds number Re H ¼ 12,000 [27, 30] . Examining the current findings on Nu D trends (for BR ¼ 7.5% at Re H ¼ 10,050), Fig. 12 , the upstream region À19 < x/H < À2.33 is characterized by the unperturbed boundary layer development over a flat plate prior to influence due to the presence of the rib obstacle. Associated with boundary layer thickening at increasing development length from the inlet, an overall gradual decrease in heat transfer is observed. Toward the lateral walls, higher levels of heat transfer are a result of the corner wall vortices associated with the channel flow geometry [27] .
As the flow approaches the rib, À2.33 < x/H < 0, it is exerted to the potential blockage effect, undergoes a deviation imposed by the obstacle. Passing over the fence, the flow is locally accelerated and subsequently experiences an abrupt step change at the backward face of the rib. Forming an elongated recirculation bubble, and confined by the flow reattachment line, the separated flow region occupies a distance of approximately 8-10 H, Fig. 12 . As the most prominent flow feature, it exerts large variations in heat transfer. Forming a low momentum zone, the rib wake separation bubble imparts a local minimum in Nusselt number Nu D ¼ 370 at the immediate vicinity of the rib, x/H ¼ 0. This is evident along the entire passage width (x/H), Fig. 12 . Further downstream of the rib from x/H $ 1.5, the Nusselt number begins to increase monotonously as cooler flow is progressively entrained from the mainstream-a consequence of the diminishing wake effects. At an increased axial position, this steep rise eventually reaches a global maximum (Nu D $ 580) in the vicinity of the reattachment point, where the strong impingement of the separated free shear layer on the bounding wall subjects the heated surface to cool high-momentum mainstream fluid. Although the aerodynamic reattachment point (x R ) and streamwise maximum in heat transfer (x max ) do not universally coincide for all separated flows, x max is considered to be a relevant indicator of the skin friction reversal point [31, 32] . Toward the side walls, the local heat transfer maxima levels increase, and the locations of which are observed slightly further upstream, Fig. 12 . This curved spanwise distribution and laterally increasing heat transfer are attributed to the aerodynamic wall effects and rolled up corner vortices, being advected over the rib from the upstream separation point [30, 33] . Beyond the reattachment point, x/H > 10, the heat transfer decreases monotonically in the streamwise direction with the redeveloping thermal boundary layer and eventually approaches its initial unperturbed boundary layer state, x/H > 27.
120 Hz Excited Heat Transfer Distribution. In order to investigate the heat transfer implications of sound excitation, the flow over a fence is subjected to harmonic 120 Hz acoustic forcing. The resulting distributions of Nusselt number are displayed in Fig. 13 . Comparing with the unexcited case in Fig. 12 , significant changes associated with the acoustic perturbations are visible. To highlight this impact, the longitudinal Nu variation at the centerline position is portrayed in the presence and absence of 120 Hz excitation, Fig. 14 . The points of local maximum heat transfer for both cases are indicated by a triangle.
Regions upstream of the rib (x/H < À2.33) feature flat plate boundary layer development, and appear to be impervious to acoustic excitation, Figs. 13 and 14 . On the contrary, downstream of the step disturbance and around the reattachment region, 0 < x/ H < 15, the sound forcing has a significant effect on the local flow field and the associated heat transfer distribution, Fig. 13 . While the local minimum in heat transfer remains fixed at the rib back face, x/H ¼ 0, the steep streamwise gradient in the separation region appears to be augmented as a consequence of the sound excitation, Fig. 14 . A small increase in maximum heat transfer level is observed. Reaching an earlier reattachment, the extent of the bubble is significantly reduced under the influence of acoustic excitation, shifting the location of centerline maximum heat transfer from x max /H ¼ 9.5 to x max /H ¼ 6. Toward the lateral walls at y/H ! 3.33, a similar observation can be made, moving x max /H from 8.5 to 6, Fig. 13 . Therefore, while the line of unexcited flow reattachment exhibits a curved shape in the spanwise direction, it becomes flattened in the presence of sound excitation. The straightening influence of sound excitation on the reattachment line was similarly observed in aerodynamic studies and has been attributed to lowered three-dimensionality at the location of shear layer impingement [33, 34] .
Evidently, 120 Hz sound excitation exerts attenuating influence on the rib wake separation, notably reducing the extent of this prevalent flow structure. Therefore, along with the characteristic flow topology, the associated heat transfer pattern is shifted toward the step and compressed in the streamwise direction. Further downstream, as the excited thermal boundary layer starts to develop at an earlier position, the local heat transfer level at the re-attached flow condition appears to be lower with respect to the unexcited case.
Enhancement Factor and Aggregate Effect. Emphasizing the localized modifications in heat transfer, Fig. 15 presents the sound associated enhancement factor. Upstream of the rib, indicated by Transactions of the ASME uniform EF $1, effects of acoustical excitation are notably absent.
In the immediate wake of the fence (x/H ¼ 0-8), due to upstream shift of the bell shaped Nusselt curve, Fig. 14 , pronounced heat transfer augmentation is observed over the entire span of the channel. With a maximum around the centerline at x/H $ 1.5 and |y/ H| < 2.5, the enhancement factor exhibits an increase up to 25%. This alteration is not as prominent toward the lateral side walls. Further downstream, the heat transfer enhancement decreases gradually. Decaying to zero slightly upstream of the unexcited reattachment point (x/H ¼ 8), it reaches a global minimum at x/H ¼ 12.5. Far away from the obstacle, the EF gradually re-approaches unity, and therefore the sound induced effects are observed to diminish. In order to assess the aggregate impact, Fig. 16 charts the streamwise development of the Nusselt number running average for the laterally averaged and centerline regions downstream of the fence, x/H ! 0
Sparing unaffected portions upstream of the rib, it represents an adequate measure for overall sound-induced heat transfer modulation. In the unexcited case, laterally averaged heat transfer is seen to be higher than at the centerline, which is consistent with the Nu distribution in Fig. 12 . Upon 120 Hz forcing, pronounced centerline Nu increase is evident directly from the rib back face, x/H ¼ 0, and induces a maximum relative increase by 18% at around the excited point of reattachment x/H ¼ 6.33. The associated overall centerline maximum shifts from Nu ¼ 490 at x/H ¼ 14 to Nu ¼ 530 at x/H ¼ 10. Further downstream at x/H ¼ 6.33, the excitation-induced impact decreases gradually and further abates to zero as the boundary layer re-approaches the flat plate state, x/H ! 25.
This analysis could be beneficial for deciding upon the location of a successive rib, which would benefit the most from the acoustic resonance effect. In the relevant literature for small blockage ratios, it is shown that the prior optimal rib pitch-to-height ratio is around P/h ¼ 8-10 [24, [35] [36] [37] . Although a succeeding obstacle installed downstream of the employed isolated rib will exert an evident potential influence on upstream flow structures, in our configuration, this coincides with the region (x/H ¼ 6-10) where a quantifiable net benefit in heat transfer of around 20% is achieved by acoustic resonance excitation. This impact is of mere exemplary nature and clearly not optimized.
Resonance Excited Static Pressure Distribution. From a complementary aerodynamic perspective, in order to assess the local pressure drop implications of acoustic forcing on the rib wake, prior heat transfer measurements are supplemented by static wall pressure data. In the absence and the presence of 120 Hz excitation, Fig. 17 presents the pressure development along the channel centerline acquired over a distance of 30 rib heights. As an indicator of aerodynamic losses, the static wall pressure acquisition enables representation of aerodynamic flow separation and reattachment. To this end, normalized by the dynamic pressure head, the values are reported in reference to the fence upstream port at x/H ¼ À10:
2 ). Static pressure ahead of the fence is seen to exhibit a development which is typical for the mean flow topology in the presence of an obstacle, [27, 30] . As the flow encounters the perturbator, À8 > x/H > À1, the initially streamwise constant static pressure rises due to the potential blockage effect. Consistent with prior findings of heat transfer, Fig. 13 , sound excitation is seen to not impose any changes to the local pressure field, supporting the observation that the oncoming upstream boundary layer is unaffected by acoustic forcing, Fig. 17 .
In contrast, notable excitation effects are apparent in the fence downstream region, 0 < x/H < 13.5. In the absence of forcing, the wall pressure in the separation zone initially reduces in the streamwise direction and reaches a global minimum at x/H ¼ 3. Thereafter, wall pressure exhibits a gradual rise with constant slope until shortly after the reattachment point, x/H ¼ 12.5. Further downstream, the curve maintains a relatively constant level in the redeveloping flat plate boundary layer. The integral pressure drop penalty incurred over the fence obstacle is characterized by a D'arcy friction factor of around f ¼ 0.14. In the presence of the excitation, although the general trends are retained, there seems to be a greater initial drop in pressure in the immediate vicinity of the rib, followed by an earlier minimum in pressure at x/H ¼ 1.5. In comparison to the unexcited case, the initial rise is observed to be steeper than the prior observed linear trend. Downstream of the excited maximum heat transfer point (x max /H ¼ 6.5), the pressure gradient drops gradually. Remarkably, the identical plateau of downstream static pressure level is reached at around the same location, x/H ¼ 12.5. Therefore, the total pressure loss associated with flow over the fence is inferred to remain constant.
Discussion
Contrasting the numerically predicted resonance behavior of a generic turbine blade cooling circuit with experimentally investigated rib flow heat transfer in the presence of a standing sound wave, there appears to be a strong indication of internal heat transfer modulation associated with the serpentine pass resonance modes. The findings of the numerical simulation indicate the existence of distinct acoustic resonances in the excitation range relevant to typical turbine environment (0-20 kHz). Exciting distinct eigenmodes in the serpentine pass give rise to longitudinal standing sound waves, which obey the base and higher harmonic acoustic behavior of a straight resonance tube geometry. The experimental heat transfer investigation on the isolated rib obstacle indicate a significant influence on the local flow field and Nu distributions. Although the global heat transfer effect reduces gradually further downstream, the presence of a subsequent rib perturbator would likely counteract this gradual diminution-as encountered in practical applications for typical rib pitch-to-height ratios of $10-20 [2] . Moreover, since the integral pressure drop penalty remains constant, it can be inferred that an augmentation of rib-roughened thermal performance via periodic forcing is conceivable.
Summary and Conclusions
The current investigation focuses on the convective heat transfer ramifications of acoustic resonances in turbine internal cooling channels. Based on the NASA E 3 engine geometry, the resonance behavior of a generic blade cooling circuit-including forward and aft serpentine pass, leading and TE cavities-is studied by a numerical FEM simulation. Solving the Helmholtz equation, the integral TL of the model is computed and corresponding natural frequencies are identified by a dedicated analysis. Pressure node/antinode distributions of excited standing waves are characterized by the fundamental principle of a base frequency and associated higher harmonics. Simple linear regression approximation on a simplified straight resonance tube appears to be remarkably representative of the serpentine channels, despite the highly branched varying aspect ratio geometry in the presence of 180 deg-bends and cooling holes.
Resonance effects on convective heat transfer and separated flow reattachment are experimentally demonstrated in a scaled wind tunnel facility that mimics the acoustic behavior of a blade cooling channel at an engine-representative condition. The corresponding mode shape patterns of the facility are predicted numerically and verified experimentally by local SPL measurements. For a squared fence obstacle of 7.5% passage blockage ratio, subjected to passage Reynolds number of 134,000, a longitudinal standing wave is excited by harmonic forcing at 120 Hz (St ¼ 0.17) and 131 dB source SPL.
The Nusselt number and static wall pressure distributions indicate the flat plate boundary layer ahead of the rib to be entirely impervious to resonance excitation, whereas the separated flow in the wake of the rib is notably affected. Reaching an earlier reattachment, the extent of the recirculation bubble is reduced: shifting the centerline maximum heat transfer location upstream by 3.5 rib heights, or 37%, and inducing a spanwise straightening of the initially curved reattachment line. As the bell-shaped Nu curve shifts upstream with respect to the unexcited case, the heat transfer is locally enhanced by the earlier point of reattachment. The static wall pressure measurements support the previous observations, indicating earlier recovery in the prior separation region. On the other hand, the integral pressure drop penalty remained unaffected by the standing wave excitation.
Reflecting upon the evident gain in heat transfer accompanied by an invariant pressure drop penalty, the current results are to be regarded as an initial indicator of an additional contributor which affects rib aerothermal performance. Interestingly, this effect might already be inherently occurring in current turbine geometries, yet it has not been prior analyzed. 
Lessons Learned
x,y ¼ axial, lateral direction (m) z ¼ boundary in wave vector direction (m) D ¼ Laplace operator k
